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B A L L I S T I C  R E S E A R C H  L A B O R A T O R I E S  

MEMORANDUM REPORT NO. 1298 

~~iPersio/JSFrnon/~~~artin/ebh , 

Aberdeen Proving Ground, Maryland 
August 1960 

A STUDY OF JETS FROM S W D  CONICAL SHAPED CHARGE LINERS 

ABSTRACT 

Triple f lash  radiographs of je ts  from three scaled shaped chazges 

containing copper cones with apex angle of 42' are  analyzed. The 

performance of j e t  part ic les  was determined by numbering part ic les  as 

shown on time sequenced radiographs, and obtaining the i r  velocity. 

Penetration characteristics of ' j e t s  i n  terms of the action of these 

discrete par t ic les  a re  described. 



I. INTRODUCTION 

X-ray photography for observing the jets produced by lined shaped 

charges has become an important research tool to explain jet behavior. 

The obstructing cloud of smoke and flame which detracts from ordinary 

photographic processes, does not affect flash-radiographs which produce 

clear, sharp outlines of the jet material with exposuretimes of the 

order of 0.1 microsecond. 

A triple flash field radiographic system has been in operation at 

the Ballistic Research Laboratories since February 1952, and was reported 

in 195 J. (l) Each X-ray tube is positioned at an angle of 120 degrees 

with respect to its immediate neighbor. The film holder, receiving normal 

radiation from its corresponding X-ray tube, is, also at an angle of 120 

degrees with its adjoining neighbor. Each film holder contains three 

X-ray films with dimensions 4" x l7", laid end to end for a total lerigth 
of 51". The round is detonated above a blast protection plate. The jet 

passes through a hole in this armor shielding plate, and travels parallel 

to the length of the three film cassettes. The X-ray tubes are'triggered 

at pre-determined ~tnd set time intervals after charge initiation. 

For a short time interval after collapse of the shaped charge liner 

walls, the material from the inside of the liner forms a continuous axial 

jet. The gradient in velocity between the front and rear of the jet 

causes the jet to increase in length with time. This produces etress 

on the solid jet material which causes it to neck, and then break up 

into many individual particles. With all other conditions equal, the 

time of initial jet breakup depends upon the physical properties of the 

metal used to form the liner. Jets formed by ductile metal liners remain 

in the continuous state for s longer the than those obtained from less 

ductile ones. For example, a steel j e t  breaks ug Booner then a copper 
jet. 



This report w i l l  deal exclusively with the properties of j e t s  

from conical copper l iners  having an apex angle of 42 degrees. Three 

charges, scaled i n  alllineardimensions, have been studied t o  determine 

the effect  of charge s ize  upon j e t  f l i g h t  and je t  penetration characteristics.  

The methods used are an extension of those of Breidenbach. (2 

11. JE;T CHARACTERISTICS I N  FLIGE 

A. Charge Description 

The charges used were dimensionally proportional t o  the numbers 2; 

3; 4; and they w i l l  henceforth be referred t o  as charge numbers 2, 3, 
and 4. A diagram of the copper cone, and s t e e l  casing enclosing it, are 

given i n  Figures 1 and 2. The dimensions f o r  all charges are given below 

the figures.  Composition B explosive surrounded the l ine r  and was in i t i a t ed  

by an M-36 i n i t i a t o r  and t e t r y l  booster. 

B. Velocity Gradient of J e t  

Triple f lash  radiographs of the jets  from charge s izes  2, 3, and 

4 are  shown i n  Figure 3. The time i n  microseconds &ter  in i t i a t ion  is  

noted i n  each case. These times were selected t o  be long enough t o  detect 

the par t ic le  structure of the j e t .  The ea r l i e s t  view of the number 4 
charge j e t  i s  absent due t o  malfunction of the X-ray tube. In any case, 

the ea r l i e s t  f lash  i s  not as useful as the l a t t e r  two, because j e t  breakup 

is  not complete a t  t h i s  early time. Corresponding je t  part ic les  i n  the 

second and th i rd  f l a sh  of each j e t  are distinguishable and have been 

numbered on the X-ray photograph consecutively from t i p  t o  rear .  Measure- 

ments on the individual part ic les  were made direct ly on the original  radio- 

graphs. The re la t ive  positions of the X-ray tube, je t ,  and film were 

arranged to  produce only negligible magnification on the film. However, 

some error  was introduced when the three 4" x 17" film panels were glued 

together t o  show the complete je t .  These panels were enclosed i n  f i lm 

holders when exposed and t h e i r  butting ends produced a gap of up t o  1/2 

cm. between adjacent films . 



The measurements made on the radiographs are indicated in Figure 3. 
The distance from the jet tip to the front of each particle is designated 

by 1. The measurement from the top of the X-ray film to the front of a 

particle is denoted by Y. The velocity of each jet particle is given by 
Y Y 
J where the subscripts indicate which of the three sequenced flashes 
t3 - t2 
is used. The data for a number 2 charge size are given in Table No. 1. 

Effective penetration by a jet ceases when the particle velocity 

drops slightly below 0.2 cm/microsecond (3). Measurements of jet particles 

have been made only as far as this lower velocity limit. The length of 

jet from the tip of the leading particle to the rear of the last effective 

particle is denoted by L. The ratio E/L, for each particle at the second 

and third radiographic times are given in the table and the average taken. 

A plot of the jet particle velocity as a function of its relative 
position from the jet tip(q)for the three scaled chwges is given in 

Figure 4. The gradient in velocity shown in this manner i~ independent of 
tFme. The points for each charge are represented by the same straight line. 

The amarent periodic drop of the points below this line was caused by the 

Brror introduced by the joining seams of the filmpanel as mentioned previously, 

The reverse gradient exhibited by the first one or two particles, however, 

appears to be real. 

C. Jet Velocity Vs. Position on Liner 

By firing shaped charges with radioactive tracer material deposited 

on the inner cone surface, into mild steel targeta, the correspondence 

between particle position in the jet and its original position in the 

liner can be obtained by radioactive tracer techniques. The details of 

this analysis are given in reference,3. The final result is a curve 
I X of - as a function of L 6. where x is the distance from the inside 

cone apex to a particular circumferential ring element on the inside liner 



Measllrements of Jet Particles fo r  No. 2 Charge 

J e t  



TABLE 1 (continued) 

J e t  
Pa3-t i c l e  
Number 12((=) 

13 a 
L 

- 
3 

av. L 



TABU3 1 (continued) 

J e t  
Part icle  
Number ,, (cm) 

- a 3 j2 - a - 
L2 

L 
3 

av. L 



surface (measured along the cone axis),  and h is  the t o t a l  cone 

height. It i s  found tha t  only negligible j e t  material originates i n  
X 

tha t  half of the cone including the apex. Vduesof given i n  

Table I were obtained from t h i s  curve. A plot  of data fo r  j e t  p a r t i c l e .  

velocity versus re la t ive  position on the cone given f o r  all three 

charges i n  Figure 5, indicates that  a single smooth curve represents the 

functional relationship f o r  a l l  three scaled charges. 

D. J e t  Par t ic le  Number vs Position on Liner 

A plot  of the j e t  par t ic le  number from the f ront  versus the re la t ive  

position of i ts  origin on the cone l ine r  is  shown i n  Figure 6. Again, 

a single smooth curve suffices fo r  the data of a l l  three scaled charges. 

It i s  seen tha t  the number of part ic les  per unit  cone height increases 

rapidly with distance from the apex u n t i l  near the cone base where the 

flange inhibi ts  je t  formation. 

E. J e t  Par t ic le  Measurements 

The length of each par t ic le  a t  the second and th i rd  radiographic 

times, and, the space length between'particles, were measured. A summary 

of these data are  given i n  Table 2. 

The radiographs were taken a t  about the same time f o r  each charge. 

A t  these unscaled times, the j e t  dispersion process is  most advanced 

f o r  the smallest charge. The j e t  from.Charge No. 2 appears t o  have 

completed i ts  break up a t  times t2 and t The j e t  from charge s ize  No. 3 3 ' 
contains d i s t inc t  part ic les  near the rear  a t  time t which were s t i l l  

3 
joined together a t  time t2. The point of eventual breakup is  evident i n  

the joined part ic les ,  so tha t  individual numbers were assigned t o  the 

segments seen on the photograph, The je t  from charge No. 4 contains 

large part ic les  near the rear  which would doubtless subdivide a t  a time 

l a t e r  than t The most obvious division points have been used as a 
3 

basis of numbering i n  t h i s  region. 





Despite the lack of f u l l  breakup shown i n  J e t  No. 4, it appears 

that a l l  scaled jets  eventually break up into approxbmtely the same 

number of part ic les .  Table 2 shows tha t  these part ic les  increase very 

l i t t l e  i n  length with increased'tlme. Almost all of the je t  length 

increase with tlme,after break up, i s  accounted fo r  by the increased 

space between adjacent par t ic les .  

Although the individual j e t  part ic les  are  quite irregular i n  shape, 

g mean diameter was measured f o r  each and an average obtained f o r  each 

j e t .  The volume of j e t  material was then computed as being tha t  of a cylinder 

with t h i s  average diameter and observed t o t a l  length. The je t  mass was 

estimated by assuming a j e t  density equal t o  the copper l ine r  density, 

8.9 gms/cc. These data are  summarized i n  Table 3 .  

J e t  Mass Determination 

Although the measurements are  necessarily crude, the resul t s  indicate 

tha t  the j e t  par t ic le  lengths and diameters scale i n  approximately the 

same r a t i o  as the charge sizes.  About 20 percent of the l i n e r  makerial 

goes into the j e t  formation. This percentage does not hold constant over 

a l l  of the cone height. 

Charge Size 

Sum of Par t ic le  Lengths (cm) 

Average Part ic le  Diameter (cm) 

J e t  Mass (grams) 

Mass of Jet A Mass of 
Liner 

2 

47.4 

0.20 

12.8 

-155 

3 

74-9 

0.37 

71.1 

.256 

4 

88.4 

0.45 

125 .O 

.188 

I 



Figure 6 shows tha t  the number of j e t  part ic les  formed i n  the 
X 

zone from 7 = 0.8 t o  0 .9  i s  approximately half the t o t a l  number 

formed. This is  a much greater number than can be accounted fo r  

by the larger  diameter of the zone near the base. Also the par t ic le  

sizes are  larger nearer the base. The percentage of j e t  material 

contributed by the half of the cone including the apex i s  considered 

negligible. 

111. JET PE3ECRATION CHARACTERISTICS 

A.  Penetration - Time Measurements 

The scaled charges were f i r ed  into a target  of 6" x 6" x 1" stacked 

mild s t e e l  target  plates a t  a standoff of three cone diameters. The 

time tha t  the j e t  pierced each inch of the target  was recorded on an 

oscilloscope by means of e l ec t r i ca l  contacts sandwiched between plates .  

The data pertaining t o  the number 4 charge are given i n  Table 4. The 

cumulative penetrations and times have been normalized by division by 

the cone diameter. The penetration-time data f o r  a l l  three charges are  

plotted i n  t h i s  normalized fashion i n  Figure 7. The closely grouped 

plotted points just i fy a single smooth curve t o  represent a l l  of the 

charges regardless of s ize.  

B. Penetration Velocity 

The average j e t  penetration velocity through each 1" of target  

plate  i s  obtained i n  Table 4 by division by the penetration time per 

plate .  Figure 8 shows these data f o r  the three charges as a function 

of the normalized time a f t e r  i n i t i a l  penetration. The data i n  t h i s  case 

are  more scattered than heretofore, but a single smooth curve is  again 

indicated as representative of the phenomena. 

C .  J e t  Velocity 

It is  possible to  calculate the j e t  t i p  velocity a t  each inch of 

target  depth by making use of the f ac t  tha% each j e t  par t ic le  t ravels  

with an e s ~ e n t i a l l y  constant velocity. The j e t  can be assumed t o  originate 



Penetration Characteristics of No. 4 Charge 

Standof'f-Three Cone Diameters; Target = 6" x 6" x 1" mild s t e e l  plates  

P t 
Target Time After Penetration U 
Thickness I n i t i a l  Time Per Penetration P J e t  

P la te  - t psec (inches ) Penetration Velocity D - = (-1 V .  = Velocity 
(I-I set) ( c ~ / P  set) 

D 
(I-I set) 

cm 
Cone D i a .  (cm/psec) 



TABLE 4 (continued) 

P t 
Taxwet Time After Penetration U - 
Thiclmess Initial Time Per Penetration P - t - =  psec 

Velocity 
Jet  

(inches ) Penetration Plate D D (=I v = Velocity 
(P set) (P set) (a/~ 5 4  Cone Dia. j (cm/psec) 

Total penetration = 22.5" = 5.95 cone diameters 



a t  a s ingle.point  on i t s  axis just forward of the cone apex. (3'4) 

The distance from t h i s  point t o  the surface of any of the plates  

i n  the target  divided by the time of f l i g h t  t o  t h i s  point gives the 

jet  par t ic le  velocity just  s ta r t ing  i ts  penetration. The equation 

used is : V = 
A + P  

j B + t  ' (1) 
where A  i s  the distance from the point or igin of the je t  t o  the top 

of the target ,  and B i s  the time the front j e t  par t ic le  reaches the 

target .  B i s  obtained from the known je t  t i p  velocity and the distance 

A. P- is  depth of penetration a t  time t . 
The equation of V i s  the same f o r  each of the scaled charges if each 

3 
term is  divided by the cone diameter, D. For the three cone diameter 

standoff used, the resultant equation is: 

The calculated je t  veloci t ies  are  given i n  Table 4 and plotted i n  Figure 8. 
, . 

D. J e t  Penetration Theory 

From the hydrodynamic theory of j e t  formation(5), the je t  penetration 

velocity and the corresponding j e t  t i p  velocity are  related by the equation: 

u - = + . !  v-u 

Where: U = penetration velocity 

V = j e t  velocity 

pt= target  density 

p j=, j e t  density 

X = numerical factor  

This equation does not consider the effects  of target  strength, which 

could become important f o r  the slower moving part ic les  near rear  of j e t .  ( 6 )  

The l inear  je t  density (mass per uni t  length, p ) decreases with t h e  due 
j 

t o  the j e t  elongation. The manner of variation of the product, X pj, may 

be determined by equation 3, 



Ca1cu;Lation of J e t  "~reakup" Factor 

D v 
~ 1 .  sec/crn cm/v sec 

U 
cm/v sec 



TABLE 5 (continued) 

t - 
D V U 

cm/P sec p ~ec/crn c m / ~  sec V-U 



Table 5 was obtained by reading corresponding values of U and V 
I 

from Figure 8. The "breakup" factor  [JXpj - , was then calculated from 
PA 

Ir 

equation 3. A plot  of the "breakup" factor  i s  given as a function of 

time a f t e r  i n i t i a l  penetration i n  Figure 9. 

A t  an early time, before breakup occurs, the factory---?! should 
P + 

be simply equal t o  the square root of the r a t i o  of the j e tb to  target 

densities.  For the copper j e t  and s t e e l  target  used here, t h i s  factor  

would equal 1.07. This i s  nearly the maximum value calculated a f t e r  

the s t a r t  of penetration. A t  l a t e r  times, the "breakup" factor  decreases 

monotonically. 

IV. CONCLUSIONS 

(1) The radiographic techniques used i n  t h i s  work have provided 

data fo r  the establishment of tentat ive scaling laws fo r  a homologous 

family of shaped charges. 

(2) The data of t h i s  report provides confirmatory evidence f o r  

previously reported concepts of je t  behavior u t i l iz ing  different 

experimental methods, and verif ied the following conclusions: 

a .  The j e t  velocity gradient fo r  most purposes can be 

sa t i s fac tor i ly  approximated by a constant a t  any given time except f o r  

the f i r s t  few j e t  part ic les .  I t s  value varies inversely with the 

charge s ize  a t  the same time, and inversely with time f o r  the same 

charge. This property has been determined previously by means of 

streak camera records and electronic recording taken mainly by the 

Carnegie Ins t i tu t e  of Technology. 

b. Approximately 20 per cent of the cone mass resul ts  i n  

j e t  material, fo r  the charges described. This measurement has been 
(6 determined with more accuracy by slug recovery experiments . 



c. Scaled shaped charges produce scaled penetration depths 

at sca.led standoff distances. The penetration velocities, jet velocities, 

and relative penetration depths are the same at scaled times during the 

penetration process. The method used in this report for penetration study - 

was the same as that used by the Carnegie Institute of Technology. 

( 3 )  In addition to the above, two conclusions relating to jet 

behavior can be drawn which cannot be obtained by any other method than 

radiographic observation: 

a. Jets from scaled conical liners in scaled charges produce 

approximately the same number of particles after breakup is completed. 

The number of particles produced by the charges used in the present study 

was in the neighborhood of 50. The average particle length scales directly 

as the charge size. Also the average particle diameter varies directly 

as the charge size so that the average particle volume and mass varies 

as the cube of the charge size. 

b. The increase in jet length, after breakup, is accomplished 

almost wholly by separation between jet particles. Although jet material 

stretches and decreases its diameter early in the formation process, this 

characteristic stops when complete breakup is obtained. Each particle 

then travels with a single characteristic velocity with no appreciable 

stretching occurring. 

(+pL?WW 'J. SIMON 
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Fig. 1. Dimensions of the BRL scaled copper l iners.  

M E A S U R E D  C O N E  M A S S  ( G H S .  1 8 2 . 5 3  2 7 8 . 8  6 6 2 . 9  



CASING TETRYL PELLET 

I G - LENGTH (INCHES) 1 0 . 4 5 5  1 0.683 1 0.912 I 

Fig. 2. ScaJed Dimasions for  casings and tetryl pellets. 



Fig. 3 .  Triple f lash radiographs of je ts  from scaled charges. 



0 0.2 0.3 0.4 0 5 0.6 0.7 0.8 0.9 1.0 Q -RELATIVE JET PARTICLE POSITION FROM FRONT 

Fig. 4. Velocity gradient of jets for three scaled charges. 
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0.5 0 .6  0.7 0 .8  0.9 1 .O 

RELATIVE POSITION FROM CONE APEX 
h 

Flg. 5 .  Jet p e t i c l e  velocity vs. original position on 
cone l iner.  



Fig. 6 .  Jet particle number from front vs. cone element position. 
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Fig. 8. Penetration and jet  velocity vs. t h e .  
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